Abstract. The diagnosis of intracranial aneurysms and the planning of related interventions is effectively assisted by spiral CT-angiography and interactive direct volume rendering. Based on 3D texture mapping, we suggest a hardware accelerated approach which provides fast and meaningful visualization without time-consuming pre-processing. Interactive tools provide reliable measurement of distance and volume allowing to calculate the size of vessels and aneurysms directly within the 3D viewer. Thereby, the expensive material required for coiling procedures is estimated more precisely. Interactively calculated shaded isosurfaces, presented in [1] were evaluated in respect of enhanced perception of depth. Based on the integration into OpenInventor, global overview and simultaneous detail information is provided by communicating windows allowing for intuitive and user-guided navigation. Due to an average of 15-20 minutes required for the complete medical analysis, our approach is expected to be useful for clinical routine. Additional registration and simultaneous visualization of MR and CT-angiography gives further anatomical orientation. Several examples demonstrate the potential of our approach.
Introduction
Current clinical routine is supported by different imaging modalities which allow to perform angiographic procedures. They provide important information for the diagnosis of a diversity of vessel pathologies. DSA (Digital Subtraction Angiography) is the most established imaging technique for cerebral blood vessels and their malformations. Although there is a certain risk of complications due to its invasive nature, DSA is the method of choice for cerebral aneurysms providing optimal spatial and temporal resolution. However, in case of complex topology the superposition of vessels makes the analysis difficult since the resulting projection images contain little depth information (see Fig. 1 ). Therefore, tomographic imaging techniques like CTA (Computed Tomography Angiography) and MRA (Magnetic Resonance Angiography) gain growing attention since they provide three-dimensional (3D) information.
Intracranial aneurysms are berry-like blisters of the cerebral arteries which are caused by a weakness of all vessel wall layers. They incidentally occur in 1 to 5 out of 100 individuals [2] as congenital lesion or after a disease of the vessel wall. As a major risk, hemorrhage may cause serious damage to the brain, if the rupture of an aneurysm occurs. In preparation of interventional procedures or surgery a clear understanding of the surrounding vessel situation is required. The location and size of the neck which is the connection between the aneurysm and the feeding vessel, strongly influences the further strategy. In general, there are two methods of treatment, with surgery performed in most cases. More recently, an alternative procedure allows to direct a platinum coil into the aneurysm using an intra-vascular access. In order to perform a fast and precise analysis the choice of the imaging modality combined with an appropriate visualization approach are of great importance.
Aiming at 3D imaging modalities, aneurysms with a diameter of 3 − 11 mm are reproduced with similar quality. However, in case of MRA it is still difficult to delineate the neck and small arterial branches due to the nature of the resulting images. Above all, a meaningful visualization requires several hours of pre-processing, as presented in [3] . Therefore, as proposed in [4] , we use CTA which provides the highest sensitivity for lesions of arbitrary size including small (> 3 mm) and large (> 11 mm) aneurysms.
Since it is difficult to integrate the information of tomographic slice images to a correct 3D model, reconstruction is efficiently assisted by techniques of volume rendering. For the analysis of angiographic data sets maximum intensity projection has positioned itself as one of the most popular visualization techniques. However, using only the highest gray value along every ray of sight, it prohibits to distinguish overlapping vessels clearly and to see intra-vascular abnormalities. Alternatively, techniques of surface rendering became very popular [3, 5] which allow to compute images interactively based on an intermediate geometric model. However, its calculation requires time-intensive segmentation which must be repeated for every correction of the result.
In order to overcome these limitations, we suggest direct volume rendering which uses the entire data volume, giving insight to interior and superimposed information. In order to provide interactive manipulation of the visualization parameters which is essential for the analysis in practice [6] , we propose to use hardware accelerated 3D texture mapping [7] which we expect to be commonly available on PCs in the near future. After a short survey of our visualization approach in section 2, we briefly review the interactive calculation of iso-value representations in section 3 which has been previously published in [1] . Their integration was evaluated for the diagnosis of cerebral aneurysms in respect of enhanced perception of depth. Subsequently, in section 4, we suggest intuitive manipulation based on the integration into OpenInventor. In sections 5 and 6 tools are presented which consider convenient measurement of aneurysms and the registration of MR and CT based on a hardware accelerated approach, which was introduced in [8] . Finally, the strategy of the medical diagnosis is presented in section 7 with several examples demonstrating the value of our approach.
Direct Volume Rendering
For the visualization of tomographic image data, direct volume rendering proved to be very suitable. It allows to apply user-defined transfer functions which assign a specific color and opacity to all voxels of a certain scalar value. According to [9] , all known approaches of direct volume rendering can be reduced to the transport theory model which describes the propagation of light in materials. Approximations of the underlying equation of light transfer have been developed and differ considerably in the physical phenomena they account for and in the way the emerging numerical models are solved.
The large amount of data of a typical tomographic scan makes the interactive manipulation of the volume object difficult which is essential for the ease of interpretation and the convenient analysis in medical practice. Therefore, based on ray-casting different optimization techniques were proposed [10, 11] which allow to traverse the volume data more efficiently. Alternatively, the time-intensive re-sampling of the original data is circumvented by voxel based projection methods [12] . More recently, considerable acceleration was achieved by expressing the rotation of a volume object by a 2D shear and a consecutive image warp [13] . However, most impressive frame rates are obtained with special purpose hardware [14, 15] .
The 3D texture mapping hardware of high-end graphics computers provides a huge amount of trilinear interpolation operations and thereby allows to perform direct volume rendering at high image quality and interactive frame rates [7] . After converting the volume data set to a 3D texture, it is loaded to the respective memory. In a first step equidistant planes parallel to the viewport are clipped against the bounding box of the volume data set. Subsequently, the resulting polygons are projected onto the image plane. During rasterization they are textured with their corresponding image information directly obtained from the 3D texture by trilinear interpolation. Finally, the 3D representation is produced by successive blending of the textured polygons backto-front onto the viewing plane. Since this process uses the blending and interpolation capabilities of the underlying hardware, the time consumed for the generation of an image is negligible compared to software based approaches. Interactive frame rates can be achieved even when applied to data sets of high resolution.
Fast Iso-Surfaces
Semi-transparent representations produced with direct volume rendering techniques allow to see superimposed structures. However, for some directions of view the spatial relation is evaluated much easier if lighting effects are integrated (see Fig. 2 ). If interactive navigation through complex vessel structures is envisaged, shaded surfaces assist to improve the users sense of orientation.
Different approaches like the Marching Cubes algorithm [16] provide iso-value representations of structures contained in volume data sets. However, as a major drawback, time-intensive calculations are required for every change of the iso-value prohibiting interactive manipulation. In addition, the complexity of the intermediate geometric model rapidly exceeds the available rendering capacity.
As presented in [1] , interactive manipulation of iso-value surfaces and realistic lighting effects are possible if hardware assisted 3D texture mapping and two frame buffer operations are applied. This requires to define a cut plane for every scan line of the resulting image which has an orientation orthogonal to the viewing plane. Applying the rendering procedure, described in section 2, the corresponding image information of every cut plane is interpolated within the 3D texture memory and written to the frame buffer. After accessing its contents, all data values required for a complete scan line are simultaneously available in real-time. Using a standard ray-casting procedure they have to be calculated separately for every pixel of the current scan line along rays in the direction of view. After checking the obtained cut plane for the current iso-value the identified 2D locations are re-projected to their 3D positions within the volume data. Interpolation of the neighboring voxel gradients finally provides the surface normals required for the shading procedure. 
Manipulation and Navigation
The presented approach builds on top of a frame work based on OpenInventor which was previously presented in [1] . Thereby, a variety of functionality is available which ensures intuitive manipulation. As a basis, a standardized interface is offered which provides a selection of sophisticated 3D viewers including various editors, light sources and other features. Additionally, several built-in manipulators are available which are attached to an object after selection. They considerably support a convenient navigation within 3D space if a 2D input device is applied. Consequently, the user-guided interactive inspection and analysis of an angiographic volume data set is accelerated.
In order to inspect interior structures , independent clip planes provide an intuitive way to virtually cut off parts of the volume data set. As can be seen in Fig. 4 , the wall of the aneurysm was partly removed in order to view the connection to a related vessel from inside. Alternatively, choosing normal rendering mode and full opacity for the whole data set, clip planes assist the clinician to inspect the local gray value information at slices with arbitrary orientation.
In many situations during the analysis of an angiographic data set it is necessary to inspect detail information by approaching the structures very closely. However, at the same time, it is desirable to view the lesion from a more distant eye-point. Therefore, two communicating 3D displays are provided (see Fig. 3 ) which allow for an individual adjustment of the camera position. Within the right window typically local information is focused while a more distant view point gives global overview of the vessel situation within the left window. In order to provide improved orientation a geometric representation of the viewing frustum of the right window is integrated into the left display. Thereby, the small arrow connected to a sphere indicates the direction of view and the eye-point. Optionally, if the camera parameters of the right window change, the position of the camera of the left window remains unchanged, either relative to the arrow-sphere model or to the volume object. Thereby, the user gets the impression of a passing volume object in the first case, or of an arrow which flies through the fixed data set. Alternatively, if the arrow-sphere model is selected in the left window different manipulators are attached which allow to change the viewing parameters of the right window from a more distant viewing point. Finally, if the "fly-mode" option of OpenInventor is applied interactive and user-controlled navigation within vessels is possible which provides endoscopic views of the sac or the neck of an aneurysm. 
Measurements
For the preparation of interventions it is helpful to have information about the size of the aneurysm, the size of vessels or the distance between adjacent structures. Therefore, simple interactive tools are provided which allow for measurements directly within the 3D viewer (see Fig. 5 ). Thereby, the calculation of the distance between two points is performed on-the-fly, after placing the corresponding markers in 3D space. Finding the right position is assisted by appropriate manipulators inherited from the OpenInventor toolkit. But, more efficiently the correct location can be identified, if additional clip planes are used to reduce the degrees of freedom.
If treatment with a platinum coil is envisaged, additional knowledge about the volume of the aneurysm allows better estimation of the required expensive material. Using simple geometric objects the actual shape of an aneurysm or vessel is approximated. During an iterative procedure the shape of the selected object is distorted with an appropriate manipulator of OpenInventor while the quality of the fit is visually inspected by rotating the whole scene. 
Registration
In order to provide further anatomical orientation an additional tool is provided which allows for fast registration of the angiographic CT data with MR. As presented just recently [17] , voxel based approaches gained more attention since they allow to perform retrospective and accurate alignment. Taking into account the entire gray value information at geometrically corresponding grid positions, the similarity of the involved data sets is optimized using a functional which evaluates the quality of alignment. Having introduced mutual information [18, 19] , a very general functional is available which proved to provide very robust registration. However, the optimization procedure which is required to re-sample the volume data, typically consumes a huge amount of trilinear interpolation operations. Ensuring fast performance which is fundamental for medical applications, an approach is provided which integrates registration into the process of visualization, as suggested in [8] . Similar to the technique used for direct volume rendering the method uses the imaging and texture mapping subsystem of graphics computers. Thereby, all trilinear interpolation operations are completely performed with hardware assisted 3D texture mapping. The histograms of the data sets which are necessary for the calculation of mutual information are obtained with different hardware accelerated imaging operations. Using similar hardware supported procedures, as applied to visualization, the process of registration is considerably accelerated.
Strategy of Data Analysis
The visualization and inspection of CTA data sets is performed according to a specific protocol in order to ensure a fast and consistent analysis. After transferring the data from the scanner to a graphics workstation the range of gray values which describes the vessel information is transformed linearly to a new representation while data values below are suppressed and those above are mapped to maximum value. Due to the stretching of the histogram in the area of interest, subsequent manipulation of transfer functions for color and opacity values is performed in a more convenient way. Applying pre-defined lookup tables, a fast and meaningful initial visualization is obtained. Subsequently, the transfer functions are adjusted interactively to the individual data set by simple manipulation operations while the result is reviewed by a skilled user.
In the beginning, the whole data volume is loaded in order to detect all aneurysms. Pre-defined eye points and directions of view allow for a fast access of the most important areas for the medical analysis. Subsequently, the user may rotate, translate or zoom the 3D representation interactively in order to inspect detail information. Following the step of identification, bounding boxes are applied which define a sub-volume around every aneurysm which was detected. Reducing the amount of data allows to focus on the essential details of the vessel topology and ensures real-time manipulation.
For the documentation of every case, snap shots of the current visualization can be taken at any time of the analysis. Additionally, short movie sequences are recorded in order to provide an enhanced perception of depth.
Results and Discussion
All image data was obtained with a Siemens Somaton Plus 4 spiral-CT scanner. For the angiography 100 ml of non-ionic contrast agent were injected with a delay time dependent on the circulation time and a flow rate of 3 ml/sec. With the lowest possible table-feed and a slice thickness of 1 mm, volume data sets with a resolution of 0.2 x 0.2 x 0.5 mm were reconstructed. The applied imaging technique proved to be optimal for small vessels and aneurysms including those of the basilar artery. All visualization was performed on a SGI Indigo 2 Maximum Impact and a SGI Onyx Reality Engine II which provide 4 Mbytes and 16 Mbytes of 3D texture memory respectively. Concerning the amount of available trilinear interpolation operations the underlying hardware has the same order of magnitude.
Subsequently, image data of three patients is presented which was obtained with the proposed approach. The overview image of Fig. 6 shows the location of a large basilar bifurcation aneurysm relative to the surrounding vessel situation. Choosing a closer semi-transparent representation the connections to the basilar artery and both posterior cerebral arteries are clearly conveyed. Within Fig. 7 an aneurysm of the right anterior communicating artery (ACoA) is delineated. Intra-operative views (before and after applying a clip for treatment) demonstrate the similarity between real and virtual presentation. Finally, Fig. 8 shows an aneurysm of the middle cerebral artery (MCA) bifurcation. The close semi-transparent visualization of the aneurysm clearly depicts the connected vessels and their location relative to the lesion. (see the color page at: http://www9.informatik.uni-erlangen.de/eng/gallery/vis/med/miccai.html)
Our experiments have shown that the visualization method is of major importance for the diagnostic value of the obtained images. In comparison to exclusively using shaded surface representations, direct volume rendering has proved to be an optimal visualization approach in order to delineate the sac and the neck of intracranial aneurysms including the surrounding vessels. Besides the ability to show opaque vessel structures, the semi-transparent representation is most informative since it conveys important information about the relation between the vessels and the lesion. Above all, the ability of real-time image generation and intuitive manipulation based on the functionality of OpenInventor is most important for a convenient analysis. Since motion enhances the perception of depth, the understanding of complex vessel situations is thereby improved considerably.
Additionally, integrating shaded vessels obtained by interactive extraction of isovalue surfaces proved to make the understanding of the spatial relation of neighboring objects much easier. Especially, if a fixed direction of view is chosen superimposed structures are inspected more conveniently. Selecting hybrid visualization consisting of a semi-transparent and a iso-surface representation, improved ease of orientation is provided inside cavities or during a user-controlled flight through vessels.
In comparison to other approaches which perform extensive segmentation, the proposed method only provides relative information about the actual vessel wall due to the soft delineation based on transfer functions for color and opacity values. However, the interactivity of the whole visualization process allows a skilled user to change parameters immediately and to evaluate the results by direct visual feedback. As further source of information which ensures the quality of the 3D visualization, clip planes of arbitrary orientation are optionally integrated which provide the original gray values of the data set. As a major advantage of our approach all visualization procedures and the medical diagnosis are performed in less than 15 -20.
The interactive tools which allow to measure distance and volume information directly within the 3D viewer provide valuable information about the size and the distance of structures. Since clip planes of arbitrary orientation are used for the placement of markers, either the 3D visualization of objects or the original gray value information, optionally shown on every plane, is used to find the correct location. Measurements performed with a phantom data set confirmed the precision of the obtained results.
Conclusion
A fast and interactive approach was presented for the visualization and analysis of intracranial aneurysms. Using direct volume rendering based on 3D texture mapping and spiral CT angiography, the neck of the aneurysm and the surrounding vessels are optimally conveyed including small aneurysms and complex vessel topology. Improving the perception of depth iso-surface representations are integrated. Based on OpenInventor and communicating windows intuitive manipulation and convenient user-guided navigation are ensured. Further functionality comprises tools for hardware accelerated registration and for volume and distance measurement. The presented results demonstrate the value of our approach which proved to effectively assist pre-operative planning due to the short amount of time required for the complete medical analysis. 
